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Abstract:  A  new  laboratory  model  lanthanum  hexaboride  (LaB6)  hollow  cathode  sized 
for  a  20  A  HET  discharge  has  been  developed.  The  cathode  design  is  based  on  previous  high- 
current  LaB6  cathodes.  The  cathode’s  heating  element,  which  is  used  to  bring  the  insert  to 
thermionic  emission  temperatures,  is  usually  the  most  likely  to  break  down.  In  this  new  LaB6 
cathode,  the  heater  has  been  redesigned  to  address  various  fail  mechanisms  such  as  the 
fusion  of  the  heating  element  to  other  critical  elements  of  the  cathode,  and  the  high-cost  of 
replacing  this  component  of  the  cathode.  This  relatively  low-cost,  and  robust  cathode  was 
designed  for  use  in  experiments  to  aid  in  the  contemporary  modeling  of  electron  dynamics  in 
Hall-effect  Thrusters  (HETs),  and  for  use  in  experiments  to  aid  in  the  development  of 
methods  for  electron  energy  distribution  function  (EEDF)  control  in  HETs.  In  preparation 
for  these  experiments,  this  cathode  was  run  in  triode  mode  with  an  annular  anode,  and 
stable  operation  was  achieved  for  various  operating  conditions.  Various  plasma  parameters 
were  calculated  from  Langmuir  probe  (LP)  data  at  a  point  downstream  in  the  plasma 
plume.  The  EEDF  was  also  determined  from  this  data  and  is  best  described  by  a  Maxwellian 
distribution  function  with  a  velocity  shift. 
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Nomenclature 

Langmuir  probe  tip  area,  m2 

velocity  shift  that  corresponds  to  the  potential  shift  used  as  a  fit  parameter  in  gM+v(V),  m/s 
potential  shift  used  in  gM+v(V)  to  fit  the  distribution  to  the  measured  EEDF,  V 
measured  EEDF,  l/(  m3  eV) 

Maxwellian  with  velocity  shift  distribution  function,  l/(  m3eV) 
anode  current,  A 

Langmuir  probe  collected  electron  current,  A 
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I.  Introduction 

THE  hollow  cathode  was  first  discussed  by  Paschen  in  1916.  His  setup  featured  a  thin  rectangular  hollow  cathode 
made  of  a  sheet  of  aluminum  and  a  cylindrical  anode,  and  was  used  as  the  excitation  source  to  analyze  the 
spectral  lines  of  helium.  The  hollow  cathodes  used  today  have  a  wide  variety  of  applications,  and  their  designs  are 
all  versions  of  Paschen’s  initial  cathode  yet  modified  for  the  particular  implementation.1  Over  the  years,  the 
applications  of  hollow  cathodes  have  included  use  as  the  excitation  source  in  analytical  spectroscopy,  as  done  by 
Paschen,  the  ion  source  for  industrial  thin  film  application,  the  electron  source  in  scanning  electron  microscopes,  and 
the  electron  source  for  plasma  volume  neutralization  in  electric  thrusters.  Lanthanum  hexaboride  (LaB6)  was  first 
investigated  for  use  as  an  electron  emitter  by  Lafferty  in  the  late  1940s.2  The  Russians  have  used  LaB6  hollow 
cathodes  in  Hall  thrusters  from  the  first  flight  of  a  stationary  plasma  thruster  (SPT)  in  1972. 3  In  the  United  States, 
barium-oxide  impregnated  (BaO-W)  dispenser  hollow  cathodes  were  used  initially,  starting  in  the  1960s.4  These 
cathodes  make  use  of  a  tungsten-based  insert  that  is  gridded  with  holes,  filled  with  a  barium,  calcium  oxide,  and 
alumina  mix.  When  heated  to  temperatures  around  1000°C,  this  mixture  dispenses  electrons  from  these  openings  in 
the  tungsten.  LaB6  is  made  by  press-sintering  lanthanum  hexaboride  powder  into  a  solid,  polycrystalline  (i.e., 
multiple  crystal  orientation)  form.5 

Lanthanum  hexaboride  requires  a  higher  operating  temperature  than  BaO-W,  and  the  US  did  not  begin  to 
consider  LaB6  for  hollow  cathodes,  for  space-application,  until  the  1970s.  Compact  high  current  cathodes  became  of 
interest  at  this  time  for  future  applications  that  would  require  high  current  densities  such  as  high-power  electric 
thrusters  that  are  able  to  deliver  a  higher  thrust.  Experimental  data  for  BaO-W  and  LaB6  calculations  using 
Richardson  and  evaporation  coefficients  ascertained  by  Lafferty  show  that  BaO-W  has  a  maximum  emission  current 
density  of  12  A/cm2  at  an  operation  temperature  of  ~1 100°C,  whereas  LaB6  can  provide  40  A/cm2  of  current  density 
at  a  temperature  of  1800°C.6  For  comparison,  LaB6  provides  ~12  A/cm2  at  around  1510°C. 7  In  addition  to  their  high 
current  density,  LaB6  has  a  longer  calculated  insert  lifetime  than  a  BaO-W  insert  by  almost  an  order  of  magnitude 
for  discharge  currents  from  10  A  to  60  A.  These  calculations  take  into  account  the  evaporate  rate  of  these  materials 
which  is  lower  for  LaB6,  despite  its  substantially  higher  operating  temperature,  up  to  an  emission  current  density  of 
15  A/cm2.  This  slightly  lower  evaporation  rate  and  the  fact  that  there  is  more  bulk  emitting  material  in  LaB6,  than  in 
the  impregnated  holes  of  the  tungsten  matrix  in  BaO-W  dispenser  material,  are  what  account  for  the  longer  LaB6 
lifetime.  These  calculations  did  not  take  into  account  impurity  build-up,  which  reduces  lifetime  and  re-deposition  of 
some  insert  material  after  evaporation,  which  increases  lifetime.5 

Another  advantage  of  LaB6  is  that  special  conditioning  and  storage  procedures  do  not  have  to  be  followed, 
because  this  material  is  not  susceptible  to  contamination  from  oxygen  and  water  vapor,  which  can  raise  the  work 
function  of  BaO-W,  decreases  its  life,  and  often  times  cease  emission  from  the  material  altogether  rendering  the 
dispenser  cathode  completely  useless.  The  reason  for  this  is  that  in  BaO-W,  a  chemical  reaction  needs  to  take  place 
in  the  barium,  calcium  oxide,  and  alumina  mixture  at  the  1000°C  operation  temperatures  in  order  for  a  barium-oxide 
dipole  to  form  to  reduce  the  work  function  of  the  surface  to  ~2  eV.  This  is  what  allows  this  material  to  be  an 
abundant  source  of  electrons.  In  comparison,  with  LaB6,  the  formation  of  a  low  work  function  on  the  material’s 
surface  does  not  involve  a  chemical  reaction.  The  lanthanum  hexaboride  itself  is  the  electron  emitter  and  has  a  work 
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function  of  ~2.7  eV  at  a  temperature  of  1650°C.  Therefore,  a  LaB6  insert’s  emission  capability  is  relatively 
unaffected  by  impurities  that  can  hinder  the  chemical  reactions  necessary  in  BaO-W  cathodes.8 

In  a  hollow  cathode,  once  the  insert  material  reaches  emission  temperatures,  applying  a  high  voltage  to  the 
keeper  will  accelerate  the  electrons.  This  draws  the  electrons  out  of  the  insert  region  and  starts  the  plasma  discharge. 
Once  the  discharge  is  established,  the  keeper  voltage  will  decrease  and  level  out  to  a  value  that  will  maintain  the 
insert  temperature,  allowing  the  discharge  to  be  self-sustaining.  This  is  because  the  voltage  drop  between  the  keeper 
and  insert  that  pulls  electrons  from  the  cathode  also  causes  ions  to  flow  into  the  cathode.  These  ions  accelerate 
through  the  sheath  and  collide  with  the  insert.  This  heats  the  insert  causing  more  electrons  to  be  emitted,  which 
collide  with  the  flowing  gas  causing  more  ions  to  be  formed.  If  the  current  decreases,  then  the  voltage  drop,  and 
hence  the  keeper  discharge  voltage,  increases  to  maintain  the  insert  temperature.  Therefore,  once  the  discharge  is 
established,  the  heater  can  be  turned  down.  However,  this  self-heating  mechanism  is  also  dependent  on  the  current. 
If  the  discharge  current  is  too  low,  then  the  discharge  voltage  will  not  be  able  to  maintain  the  insert  temperature,  and 
the  plasma  will  die  out. 


II.  Motivation 

The  LaB6  cathode  presented  in  this  paper  has  been  developed  to  use  as  the  plasma  source  for  initial  experiments 
to  study  electron  dynamics  in  Hall-effect  thrusters  (HETs).  Since  the  cathode  is  the  main  source  of  electrons  for  the 
thruster,  and  can  be  operated  with  a  relatively  smaller  scale  production  than  the  thruster,  it  serves  as  an  ideal 
platform  for  testing  the  electron  dynamic  experimental  procedures  and  diagnostic  tools  that  will  be  used  for  various 
projects.  Two  of  these  projects,  which  are  currently  being  carried  out  in  the  lab,  involve  the  tracking  of  electrons  in 
the  HET  plume  for  modeling  purposes,  and  the  control  of  the  electron  energy  distribution  function  (EEDF)  to 
improve  thruster  efficiency.  These  will  be  described  in  more  detail  below. 

A.  Electron  Dynamics  Modeling 

Treatment  of  the  cathode  and  of  electron  transport  in  general  is  a  grey  area  in  many  HET  models.  In  some,  such 
as  the  quasi- ID  HPHall-2,9  a  “virtual  cathode”  sources  electrons  from  a  magnetic  field  line  downstream  of  the  exit 
plane,  with  anomalous  electron  transport  parameters  chosen  to  match  established  experimental  performance 
parameters  such  as  thrust  and  discharge  current  as  closely  as  possible.  In  other  cases,  such  as  the  fully  3D  electron 
trajectory  simulator  MCHall,10  electrons  are  sourced  at  the  correct  physical  location  of  the  cathode  but  from  time- 
averaged  experimental  measurements  of  cathode  plume  plasma  potentials  and  with  an  assumed  Maxwellian 
distribution  about  time-averaged  experimental  electron  temperatures.  However,  attempts  at  physically  accurate 
models  are  hampered  by  the  lack  of  time-resolved  measurements  in  the  cathode  region,  and  a  poor  understanding  of 
how  electrons  from  the  cathode  couple  into  the  main  thruster  discharge. 

To  help  bridge  this  gap,  a  series  of  high-speed  diagnostics  will  be  performed  using  this  cathode  in  triode  mode  to 
simulate  the  near-cathode  region  of  a  full  Hall  thruster  discharge.  This  will  serve  as  a  first  step  in  developing  a  full 
time-resolved  dataset  spanning  the  Hall  thruster  cathode-to-discharge  channel  exit  plane  region. 

B.  Electron  Energy  Distribution  Function  (EEDF)  Control 

One  approach  to  increasing  HET  efficiency  is  the  predictive  control  of  the  EEDF.  HET  efficiency  depends  on  its 
ability  to  ionize  and  accelerate  neutral  propellant  to  produce  thrust.  The  ability  to  control  the  EEDF  would  allow 
electrons  with  energies  that  contribute  to  ionization  to  be  increased,  and  those  involved  in  transient  processes  (or 
those  that  do  not  have  enough  energy  to  ionize)  to  be  reduced.  What  makes  predictive  EEDF  control  a  challenge  is 
the  complex  electromagnetic  interactions  that  take  place  in  the  HET  between  the  thruster’s  magnetic  field,  electric 
field  and  ionized  propellant  (plasma),  which  lead  to  the  turbulent  nature  of  these  plasmas. 

As  an  initial  step  in  tackling  this  problem,  this  hollow  cathode  will  be  run  in  triode  mode  and  various  EEDF 
control  methods  will  be  evaluated  by  taking  spatial  maps  of  time-resolved  Langmuir  probe  data  to  obtain  EEDF 
profiles,  which  will  be  compared  to  determine  the  effect  of  these  methods  on  the  plasma.  The  purpose  of  these 
experiments  is  to  demonstrate  various  methods  for  EEDF  control  with  one  component  of  the  HET  system.  From 
these  results  we  will  be  able  to  make  predictions  about  how  the  rest  of  the  HET  system  may  respond  before  actually 
conducting  this  testing.  Therefore,  results  from  these  experiments  will  allow  us  to  develop  possible  predictive 
control  methods  to  increase  efficiency  in  the  full  HET  system. 

If  HET  efficiency  can  be  further  increased  for  operation  in  the  low-power  range,  this  will  enable  more  complex 
and  extensive  missions.  Proposed  science  missions  that  could  be  enabled  with  higher  performance  propulsion 
systems  include  robotic  missions  to  the  Moon,  Mars,  and  near-Earth  asteroids  to  perform  round  trip  sample-returns, 
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to  search  for  and  prepare  resources,  to  set  up  sites  in  anticipation  of  future  landings,  and  to  demonstrate  new 
technology  in  preparation  for  even  more  challenging  and  longer-range  robotic  missions. 

III.  Cathode  Development 

The  hollow  cathode  designed  for  these  tests  is  based  on  high-current  LaB6  cathodes8  used  in  the  H6,  a  6-kW 
laboratory  model  Hall  thruster  developed  at  the  Air  Force  Research  Laboratory  (AFRL)  with  the  Jet  Propulsion 
Laboratory  (JPL)  and  the  Plasmadynamics  and  Electric  Propulsion  Laboratory  (PEPL).  This  thruster  is  described 
elsewhere.7  LaB6  cathode  inserts  have  an  area  that  is  too  large  for  direct  heating  because  the  resistance  of  the 
material  is  too  low,  so  the  insert  must  be  heated  indirectly  to  bring  it  to  thermionic  emission  temperatures  in  the 
range  of  1500-2000  K.6  Unfortunately,  the  most  failure-prone  component  of  LaB6  cathodes  is  generally  the  heating 
element.  The  gradual  but  inevitable  failure  of  the  heating  element  and  occasional  irreversible  fusion  of  the  heating 
element  to  other  critical  elements  of  the  cathodes  previously  used  in  the  6-kW  Hall  thruster  motivated  the 
construction  of  a  low-cost,  robust  cathode  with  an  alternative  heater  and  a  more  graceful  failure  mode. 

A.  Overall  Cathode  Design 

This  cathode  features  a  graphite  insert  retaining  tube  and  a  graphite  keeper  with  an  outer  diameter  of  less  than 
25.4-mm.  These  parts  were  made  out  of  graphite  because  this  material  is  easily  machinable,  it  has  a  high  melting 
point,  and  unlike  refractory  metals  such  as  tungsten  and  molybdenum,  it  is  not  susceptible  to  boron  diffusion  from 

the  LaB6  insert  or  the 
boron  nitride  heater 
sleeve.  Boron 

diffusion  leads  to  the 
embrittlement  of 
these  materials, 
which  jeopardizes 
the  structural 

integrity  of  the 
cathode.2  Similar  to 
previous  cathodes, 
the  LaB6  insert  has  a 
6.3  5 -mm  outer 

diameter,  a  thickness 
of  1.27-mm,  and  is 
25.4-mm  in  length. 
Since  this  length  is 
approximately  one- 
fifth  the  length  of  the 

graphite  cathode  tube,  the  insert  is  held  against  the  orifice  by  an  insert  spacer  and  a  12.7-mm  tungsten  spring  (Fig. 
1).  The  insert’s  3 -cm2  interior  surface  area  is  the  insert’s  emission  area.  According  to  the  Richardson-Dushman 
equation,  the  LaB6  insert  material  can  emit  20-A/cm2  at  a  temperature  of  1700°C.n  Therefore,  this  cathode  has  an 
upper  emission  current  of  around  60  A.  For  these  initial  tests,  the  keeper  and  anode  currents  were  limited  to  a 
maximum  of  9 A. 

B.  Heater  Design 

The  new  heater  design  is  composed  of  an  HP  grade  boron  nitride  (BN)  ceramic  heat  spreader  and  a  filament  with 
a  diameter  of  0.254-mm  (Fig.  2).  The  heat  spreader  is  electrically  isolating  but  very  thermally  conductive.  It 
completely  encloses  the  heater  wire  to  reduce  the  possibility  of  a  heater-keeper  short.  Instead  of  a  helical  wire  path 
in  the  ceramic  heat  spreader,  an  axial  pattern  is  used  to  make  the  machining  of  the  BN  sleeve  easier  (Fig.  2c). 

Two  alumina  tubes  provide  an  outbound  and  return  path  for  the  heater  wire,  eliminating  the  need  to  spot-weld 
the  wire  to  the  cathode  tube  itself,  and  permitting  easy  mechanical  attachment,  assembly,  and  disassembly 
(Appendix  A).  The  alumina  tubes  guide  the  wires  up  to  the  gas  adapter  flange.  Two  thick  tungsten  wires  are  attached 
to  the  heater  and  cathode  electrical  connections  on  the  gas  adapter  flange  and  are  fed  into  the  tubes  from  the  gas 
adapter  flange  end.  To  form  a  solid  electrical  connection  between  these  wires  and  the  heater  filament  leads,  the  tubes 
are  friction  fit  with  thin  pieces  of  tungsten  wire. 


Figure  1.  Lab-built  Hollow  Cathode. 

a)  Operation  of  the  LaB6  cathode  without  an  anode 

b)  Cutaway  cross  section  (right)  of  the  cathode  showing  the  boron  nitride  ceramic  sleeve 
used  as  a  heat  spreader  for  the  heating  filament. 
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The  ensuing  subsections  will  go  over  various  aspects  of  the  design  optimization  process,  which  led  to  the  current 
design.  In  this  optimization  process,  we  had  to  consider  materials’  compatibility,  heat  loss  mechanisms,  and  the 
reliability  and  robustness  of  the  design. 


b) 

Figure  2.  Photographs  of  the  Lab-built  Hollow  Cathode. 

a)  The  full  hollow  cathode  assembly. 

b)  The  cathode  with  keeper  electrode  and  radiation  sleeve  removed. 

c)  A  close  up  of  the  boron  nitride  heater  inner  and  outer  sleeves,  the  inlaid  heater  filament  wire,  and  the  alumina 

heater  wire  lead  tubes. 

1.  Design  Adjustments  to  Reduce  Heat  Loss 

To  quantify  how  the  power  from  the  heater  was  being  deposited  in  the  cathode,  and  whether  the  design  and  heat 
shielding  were  thermally  efficient,  several  thermocouple  tests  were  carried  out  to  determine  how  hot  the  cathode  was 
getting.  A  thermocouple  was  placed  on  the  front  face  of  the  keeper  and  another  on  the  orifice,  which  touches  the 
insert.  In  the  test  results  we  looked  to  see  whether  the  orifice,  and  hence  the  insert,  was  reaching  the  thermionic 
emission  temperature  for  LaB6,  ~1650°C,  what  temperature  the  keeper  was  reaching,  and  the  amount  of  time  it  took 
for  the  insert’s  temperature  to  level  off  after  the  current  to  the  heater  is  increased. 

We  found  that  the  cathode  orifice  reached  1000°C  and  was  therefore  still  a  ways  off  from  the  insert’s  thermionic 
emission  temperatures.  The  keeper  reached  a  little  less  than  half  this  temperature.  From  this  we  concluded  that  the 
cathode  was  still  able  to  light  under  these  conditions  because  some  of  the  electrons  in  the  tail  of  the  energy 
distribution  would  still  be  hot  enough  to  escape  the  material.  In  addition,  the  insert  itself  may  have  been  slightly 
hotter  than  the  orifice.  Still,  the  average  temperature 
of  the  insert  was  probably  significantly  lower  than 
1650°C.  This  may,  for  the  most  part,  account  for  the 
higher  keeper  ignition  voltages  needed  for  the 
earlier  prototype  of  this  cathode  and  the  fact  that  it 
was  still  difficult  to  light  this  earlier  version  even 
with  higher  ignition  voltages.  To  improve  the  heat 
transfer  to  the  insert  and  to  decrease  the  ability  of 
the  keeper  to  act  as  a  conduction  path  for  heat  away 
from  the  insert,  towards  the  gas  adapter  flange,  we 
had  a  keeper  with  thinner  walls  machined,  and 
added  tantalum  heat  shielding  along  the  entire 
length  of  the  cathode  (i.e.,  insert  retaining)  tube. 

During  these  thermocouple  tests,  we  noted  that 
after  a  2-A  increase  in  current  to  the  heater  filament, 
the  orifice  would  reach  three  quarters  of  its  new 
equilibrium  temperature  in  about  10  minutes.  From 
this  result,  we  were  able  to  optimize  our  insert 
heating  procedure. 

C.  Cost  Benefits  of  the  New  Design 

The  original  heater  design  for  these  cathodes  is 

an  alumina-insulated  tantalum- sheathed  heater5  that  costs  about  $800.  It  is  prone  to  intermittent  shorting  after 
extended  operation  of  a  few  tens  to  low  hundreds  of  hours  due  to  a  gradual  breakdown  of  the  insulation  material  at 
LaB6  operating  temperatures.  This  has  been  observed  to  be  the  main  point  of  failure  in  the  cathode  in  experiments 


Figure  3.  Operation  of  Cathode  in  Triode  Mode. 

This  figure  shows  the  cathode  plume  in  triode  mode.  The 
plasma  fans  out  towards  the  edges  of  the  anode  and  is 
noticeably  brighter  in  this  mode.  The  Langmuir  probes  and 
the  anode ’s  support  structure  are  seen  on  the  far  right  in  this 
photo. 
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with  the  H6  Hall  thruster  at  the  University  of  Michigan  and  Air  Force  Research  Laboratory,  with  intermittent  heater- 
keeper  shorts  also  being  an  issue.  It  is  worth  noting  that  a  third  copy  of  the  cathode  with  the  original  heater  used  at 
Jet  Propulsion  Laboratory  is  still  in  operation  after  approximately  one  thousand  hours,  indicating  that  some  of  the 
curtailed  lifetime  at  AFRL  and  UM  may  be  due  to  procedural  differences  in  cathode  operation  between  these 
institutions  and  JPL.  The  heater  cost  and  its  custom-order  requirement  prevent  rapid  turnaround  in  the  event  of 
heater  failure.  Additionally,  cathode-keeper  shorts  were  identified  to  be  caused  by  axial  creep  of  the  original 
heater’s  helical  winding,  such  that  the  tip  had  to  be  spot-welded  to  the  cathode  tube  to  prevent  recurring  shorts.  The 
weld  makes  cathode  disassembly  for  other  purposes  inordinately  difficult,  such  as  for  replacement  of  an  eroded 
orifice  plate  or  a  degraded  LaB6  insert. 

In  the  event  of  a  failure  in  the  new  heater  design,  the  only  new  component  required  to  fix  the  cathode  is  a  length 
of  refractory  heater  wire  shaped  into  the  necessary  pattern  to  fit  in  the  sleeves.  For  the  total  heater  filament  length  of 
about  40  cm  including  the  leads,  this  costs  between  $5-35  depending  on  the  wire  material  and  diameter  chosen  for 
the  design.  The  cost  savings  are  about  95%  of  the  original  sheathed  heater,  and  with  care  the  filament  can  be  shaped 
by  hand,  enabling  in-house  cathode  disassembly  and  reassembly  in  a  matter  of  hours  (Appendix  B).  Once 
machined,  the  boron  nitride  sleeves  do  not  need  to  be  replaced. 

A  final  note  on  the  sleeve  material:  boron  nitride  has  a  chalk-like  texture  and  is  easily  machineable  with 
standard  tooling.  Competing  thermally  conductive  but  electrically  insulating  ceramics  such  as  aluminum  nitride 
(AIN)  are  machineable  only  by  grinding,  making  the  BN  sleeves  considerably  more  affordable  to  fabricate.  Care 
must  also  be  taken  to  only  use  pure  BN  (i.e.,  Saint-Gobain  grade  AX05).  So-called  high-purity  grades,  such  as  those 
typically  used  in  Hall  thruster  discharge  channels  (i.e.,  Saint-Gobain  grade  HP),  have  binders  that  melt  above  1300 
K. 


IV.  Initial  Characterization  of  Cathode  Plume  in  Triode  Mode 

Triode  mode  operating  points  along  with  various  time-resolved  plasma  properties  for  a  single  spatial  location 
will  be  discussed  in  this  section  as  a  first  look  at  the  characteristics  of  this  plasma  source. 


Table  1.  Cathode  Operating  Points. 

The  table  shows  various  operating  points  for  the  cathode  in 
triode  mode  using  an  annular  anode.  In  all  the  cases  listed, 
the  argon  gas  flow  rate  was  25  seem,  and  the  chamber  base 
pressure  without  cathode  gas  flow  was  lxl  O'7  torr. 


Sustained  Cathode  Operating  Points 


Case 

1 

2 

3 

Pb  (torr) 

5.9  xlO'5 

2.3  xlO"5 

3.4  xlO'5 

V anode  (V) 

20  V 

37  V 

15  V 

I anode  (A) 

3.51  A 

4.7  A 

2.05  A 

f keeper  (V) 

32  V 

27.49  V 

39.7  V 

Ikeeper  (A) 

9  A 

9  A 

9  A 

V C-G  (V) 

-2.5  V 

-2.7  V 

-2.3  V 

Tr  (hours) 

4  hours 

2  hours 

2  hours 

Top  View  Cathode  Test  Facility  (CTF) 

Langmuir  Probe  Anode 

n*  .*<  Cathode 

5.08  ctrA — (I — 

1 - ' 

16.5  cm  _ 


a) 


2  m 


A.  Triode  Mode  Operating  Points 

The  hollow  cathode  used  in  these  experiments 
was  run  in  triode  configuration  with  an  external 
annular  anode,  mimicking  a  conventional  Hall 
thruster  (but  without  anode  flow),  to  permit 
operation  in  plume  mode  for  extended  periods 
(Fig.  3). 

For  the  operating  points  shown  in  Table  1,  a 
voltage  was  applied  to  the  anode  after  the  cathode 
settled  into  a  relatively  stable  cathode-keeper 
operating  mode.  This  was  inferred  by  the  settling 
of  the  cathode-to-ground  voltage,  FC_G,  to  a 
narrow  range.  Therefore,  the  keeper  also  has  a 
dominant  role  in  these  operating  conditions. 
While  the  plasma  stayed  stable  enough  for  taking 


Figure  4.  Langmuir  Probe  Setup. 

a)  The  cathode,  anode  and  Langmuir  probe  (LP)  orientation  in  the  Cathode  Test  Facility  (CTF) 

b)  The  upper  LP,  with  a  0.127-mm  diameter  and  1.27-mm  length,  was  used  to  obtain  the  LP  trace. 
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data  in  these  modes,  operating  points  where  the  keeper  is  set  to  a  lower  voltage  after  the  anode  voltage  is  set  were 
also  established  after  these  tests.  In  these  modes,  the  keeper  plays  more  of  its  usual,  secondary  role  where  it  merely 
acts  to  “keep”  the  plasma. 


B.  Time-resolved  Measurements 

A  lab-built  dual  Langmuir  probe  system 
temperature,  plasma  potential,  and  the 
EEDF.  A  sweep  rate  of  100  Hz  along  with 
a  1-MHz  sampling  rate  were  used.  These 
measurements  were  carried  out  at  the 
Plasmadynamics  and  Electric  Propulsion 
Laboratory  (PEPL)  in  the  Cathode  Test 
Facility  (CTF).  This  cylindrical  vacuum 
chamber  is  2-m  long  and  0.6-m  in  diameter 
(Fig.  4a).  The  chamber  obtains  a  base 
pressure  of  lxl 0"7  torr.  The  Langmuir 
probe  (LP)  measurement  was  taken  5.08- 
cm  from  the  centerline  of  the  cathode’s  exit 
plane,  and  16.5-cm  downstream  (Fig.  4a). 
The  LP  used  has  a  0.127-mm  probe  tip 
diameter  and  a  probe  tip  length  of  1.27-mm 
(Fig.  4b).  Figure  5  shows  the  time-resolved 
LP  trace  taken  at  the  location  shown  in  Fig. 

4a.  This  trace  was  taken  from  one  of  the 
positive-sloping  sides  of  the  sine  sweep 
waveform  used  to  obtain  the  LP  traces. 
While  this  measurement  was  being  taken, 

the  argon  gas  flow  rate,  m  ,  was  25  seem, 

^-5 


was  used  to  obtain  measurements  of  electron  density,  electron 


Figure  5.  Langmuir  Probe  Trace. 

The  raw  time-resolved  LP  trace  taken  from  a  positive- sloping  side  of 
the  sine-wave  bias-voltage  waveform  is  shown  in  blue.  The  green  line  is 
the  smoothed  version  of  this  trace,  which  was  used  to  obtain  the  plasma 
parameters  and  EEDF. 


P}j  5.9  xlO  torr,  V anode  32  V,  I  anode  3  A,  V keeper  42  V,  feepey 

calculated  from  this  individual  LP  trace  are  a  floating  potential,  Vf 

_-3 


=  9 A  and  VC-g  =  -2.5  V.  The  plasma  properties 


of  20.88  V,  a  plasma  potential, 
mperature,  when  calculated  as  t 
of  the  natural  log  of  the  electron  current,  Te>siope ,  is  5.62  eV,  and  it  is  equal  to  4.69  eV  when  calculated  using 


Vp ,  of  42.82  V, 


and  an  electron  number  density,  Ne ,  of  4.2x10  m  .  The  electron  temperature,  when  calculated  as  the  inverse  slope 


1  e, potential 


_ Vp-Vf 


(1) 


Both  of  these  methods  for  calculating  the  electron  temperature  assume  that  the  EEDF  is  a  pure  Maxwellian 
distribution.13  Figure  6  shows  the  actual  measured  EEDF  of  the  plasma  at  this  location.  This  EEDF  was  calculated 
using  Eq.  (2)14,  where  the  EEDF  is  derived  using  the  second  derivative  of  the  I-V  trace. 


9e  00  = 


(2) 


The  electron  temperature,  TeEEDF,  calculated  from  integrating  the  actual  EEDF,  is  7.96  eV.  This  distribution  most 
closely  matches  a  Maxwellian  with  a  velocity  shift15  as  also  shown  in  this  figure.  The  equation  for  this  distribution  is 


9m+v(V)  =  ^Ne(Te,fit  ■  AV)~e 


(ys-vb)+AV 
Te,fit  Sinh 


inh  | 


2[(yszvEEv)}1/2 

Te,fit 


■}v^ 


(3) 
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Normalized  EEDFs 


Figure  6.  Measured  EEDF  and  Maxwellian  with  Velocity  Shift  EEDF  Curve  Fit. 

The  parameters  used  in  this  equation  to  fit  the  measured  EEDF  are  Te,flt  =  E45  eV  and  AV  =  9.4  V.  This  potential 

shift  corresponds  to  an  energy  of  around  10  eV.  Using  Av  =  J2q  AV/m  ,  this  corresponds  to  a  velocity  shift  of  1.8xl06 
m/s. 


V.  Conclusion 

A  LaB6  hollow  cathode  with  a  new  heater  system  has  been  constructed  and  successfully  optimized  to  allow  ease 
of  operation  and  in-house  filament  replacement  at  a  fraction  of  the  cost  as  compared  to  previous  heater  designs.  Next 
steps  will  involve  continuing  to  improve  upon  the  heater  design,  further  characterizing  the  cathode’s  plume  from 
Langmuir  probe  data,  and  utilizing  the  cathode  for  various  electron  dynamics  experiments. 
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Appendix  A 


Appendix  B 

Visual  Summary  of  the  Cathode  Heater  Assembly 


alumina  heater 
wire  lead  tubes 
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